The process of mixing two airflows, initially at different pressure and temperature levels, to produce a third specified pressure and temperature condition is important in a number of fluid dynamic applications. The normal method of combining gas streams to obtain one stream with reasonably uniform pressure and temperature profiles has been by coaxial mixing. However, co-axial mixing requires the physical mixer to be ten to twenty diameters in length. Certain applications exist where the process of combining two different energy level airflows must occur within a mixer length to diameter (L/D) ratio of 2 to 3.
In the present study, the feasibility of obtaining adequate mixing with a short mixer employing injection of the airflows at an obtuse angle relative to each other was experimentally investigated. The effects on mixing performance of variations of the high temperature (primary) airflow, cool (secondary) airflow, secondary flow injection angle and location, and mixer length were investigated in conjunction with a Mach 4 nozzle. Pressure and temperature distributions at the mixing chamber exit and at the exit of the Mach 4 nozzle were obtained.
SECTION II APPARATUS

GENERAL DESCRIPTION
The mixing chamber was tested in conjunction with equipment developed for a previous investigation. The test equipment consisted of an air supply system, an air heater system, a mixing chamber, a Mach 4.0 nozzle, and a test cell with ducting to the Rocket Test Facility (RTF) exhauster system. The mixing chamber consisted of a choked nozzle, an expansion section which included the secondary injection system, and a constant diameter section which acted as a stilling chamber for the Mach 4. 0 nozzle. The test equipment including the mixing chamber is shown in Figs. 1 and 2 . The mixing chamber and Mach 4. 0 nozzle dimensions are presented in Fig. 3. 
AIR SUPPLY SYSTEM
Air for the test was piped from the 4, 000-psia storage bottle at the von Karman Gas Dynamics Facility (VKF) to the test area. The air was
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divided by a ducting arrangement to supply both the heater and the secondary injection system. Separate mass flow controls and pressure regulating valves were provided for the heater and secondary injection systems. Mass flow through the heater was monitored by measuring the stagnation pressure and temperature in the stilling chamber upr stream of the choked nozzle. The mass flow rate through the bypass system was obtained by monitoring the pressure and temperature forward of a calibrated choked venturi.
AIR HEATER SYSTEM
The primary airflow was heated in an electrical resistance heater by flowing in direct contact with six elements, whose temperature could be maintained at a maximum operating temperature of 2460°R. This heater is capable of continuously delivering 5 lb/sec of air at a temperature of approximately 2000°R. Heater power was supplied by a regulated d-c power supply, and the required input power levels to the heater were determined by monitoring the element temperatures and output air total temperature.
MIXING CHAMBER
The mixing chamber, located between the air heater system and the Mach 4.0 expansion nozzle, consisted of a choked nozzle, an expansion section, and a constant diameter section. The total length of the mixing chamber was 23.02 in. An adapter downstream of the constant diameter section provided a transition between the chamber and the expansion nozzle inlet as shown in Fig. 3. 
Choked Nozxle
The choked nozzle used for the present tests was the throat section of a Mach 7.0 nozzle. The mixing chamber analysis, outlined in the Appendix, used the throat area ratio 0.093, which is the area ratio of the choked nozzle throat to the Mach 4.0 expansion nozzle throat. At the assumed secondary to primary mass flow ratio of 2.57 to 1 a pressure ratio, p 0H /p 0 , of 4. 78 to 1 was calculated for the primary flow.
The choked nozzle was an axisymmetric, contoured nozzle whose contour consisted of a circular arc to the throat and an assumed cubic area distribution from the throat to the exit. The throat diameter was 0. 694 in. , and the exit diameter of the throat section was 2. 200 in. This section was water jacketed to provide backside cooling.
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Expansion Section
Two 30-deg half-angle expansion sections were tested with upstream secondary port injection angles of 45 or 60 deg. The injection angles are measured from the mixing chamber centerline. Injection of the secondary air was accomplished in the divergent section through eight peripheral, 0. 75-in. -diam ports located symmetrically around the chamber. The intersection of injection flow centerlines with the chamber centerline was 6.98 and 7.84 throat diameters downstream from the choked nozzle minimum for the 45-and 60-deg expansion sections, respectively. Figure 4 presents a photograph of one of the expansion sections showing the eight secondary air injection ports. The eight ports were connected to a common manifold and secondary air at a temperature of approximately 470°R was delivered to the mixer manifold at two points located 180 deg apart.
Stilling Chamber
A 5. 92-in. -long, 10.02-in. constant diameter section was attached to the exit of the expansion section and served as the stilling chamber for the Mach 4. 0 nozzle. Tests were conducted with and without the constant diameter section.
EXPANSION NOZZLE
The Mach 4. 0 expansion nozzle was an axisymmetric contoured nozzle. The nozzle contour consisted of a circular arc to the throat, an assumed cubic area distribution from the throat to the inflection point, and a corrected potential flow characteristic solution from the inflection point to the exit. Calculation of the potential flow contours was carried out using the method of Cresci which is described in Ref. 1 . Viscous flow corrections were made to the contours by the method of Sivells given in Ref. 2 . The throat diameter of this nozzle was 2. 277 in., and the exit diameter was 8.0 in.
The nozzle throat section was water jacketed to provide backside cooling, and the downstream expansion section was cooled with backside cooling coils, as shown in Fig. 3 .
The nozzle flow exhausted into the test cell, which was maintained at a static pressure of approximately 0. 5 psia by the Rocket Test Facility (RTF), AEDC, exhauster system'.
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INSTRUMENTATION
The instrumentation used in this investigation can be classed as component control instrumentation, supply air instrumentation, or test instrumentation. Component control instrumentation refers to instruments used to control or monitor the operation of the equipment. Supply air instrumentation was used to monitor the condition of the test air within the various components. Test instrumentation consisted of the stagnation pressure and temperature probes which traversed the Mach 4.0 expansion nozzle stilling chamber and exit plane. Figure 5 shows the locations of the instrumentation. All instrument outputs were observed on gages or recorded on millivolt recorders in the control room.
Component Control Instrumentation
The input power to the heater was determined by monitoring heater element temperatures and the output air temperature. Heater element temperatures were measured with platinum-rhodium thermocouples attached to the heater elements. The maximum allowable element temperature was 2460°R. To determine the amount of power that was being delivered to the heater, the d-c voltage and current were monitored at the output of the power supply. To insure that the heater shell did not exceed the design operating temperature, iron-constantan thermocouples placed at several locations on the heater surface and flange liner were monitored. Surface temperature measurements were also made on the mixing chamber wall.
Since the nozzles were water-cooled, instrumentation was supplied to observe the pressure, temperature, and flow rate of the cooling water in each nozzle. An interlock on this instrumentation was provided so that the failure of one system, such as the cooling water or power supply, automatically shut the entire test rig down. Exhauster pressure was obtained from a wall pressure measurement in the test cell.
Supply Air Instrumentation
The pitot pressure and total temperature of the primary airflow were measured with probes in the flow at the heater exit. The heater (or primary) mass flow was determined from these exit pressure and temperature measurements. The secondary mass flow was determined from the air temperature and pressure upstream of the choked venturi in the supply line.
Additional instrumentation was used to measure the static pressure in the stilling chamber, the pressure in the secondary injection manifold, and wall pressure and temperature at the exit of the Mach 4.0 nozzle.
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Test Instrumentation
Profile measurements in the stilling chamber of the Mach 4. 0 nozzle were made with either a pitot pressure or a total temperature probe. Simultaneous measurements were not taken since only a single probe mount was available. The stilling chamber probe was retracted to the wall when data were being recorded at the nozzle exit.
The nozzle exit pressure and temperature profiles were made from data obtained by a dual measuring probe located at a point 0.5 in. downstream of the nozzle exit. This probe was manually operated and simultaneously measured the pitot pressure and total temperature. The pressure and temperature measuring points were 1.0 in. apart.
Accuracy of Instrumentation
Pressures were measured with diaphragm-type, strain-gage pressure transducers. These transducers were calibrated with a deadweight pressure calibration apparatus, and periodic checks were conducted on each transducer and its corresponding millivolt recorder. Each of the transducers was referenced to atmosphere except for the cell pressure and the static pressure at the exit of the Mach 4 nozzle which were referenced to the pressure maintained by a vacuum pump. Estimates of the precision of the pressure measurements (psi) are tabulated below: 
SECTION III EXPERIMENTAL PROCEDURE
Three mixer configurations, identified in Fig. 6 as A, A-l, and B, were investigated. Temperature and pressure profiles were obtained in the aft section of the stilling chamber for configurations A and B and at 0. 5 in. downstream of the Mach 4. 0 nozzle for each of the three configurations. Additional data were recorded during each test run to monitor the mass flow, pressure, and temperature of both the primary and secondary flows. Equipment limitations would not permit operation at higher temperature, pressure, and mass flow ratio levels than presented herein.
The test apparatus was started by reducing the exhauster pressure to approximately 0. 5 psi and initiating the primary and secondary flows. The heater was then energized to prevent the temperature of the heater elements from being reduced to below 760°R. As the heater temperature was increased, the primary and secondary airflows were increased simultaneously to prevent overheating of downstream test components.
Total temperature and pitot pressure profiles were recorded over a range of heater exit to mixing chamber pitot pressure ratios from 4. 00 to 5. 25 and secondary to primary mass flow ratios from 0. 86 to 2. 70. Successive steady-state data were recorded at points across the mixing chamber and at the nozzle exit by use of the traversing probes. Efforts were made to keep the primary and secondary airflow conditions from varying while successive data points were being recorded; however, this was not always achieved because of control limitations of the heater air supply system and because of the inherent characteristics of the heater itself.
SECTION IV DISCUSSION AND RESULTS
Mixer performance at various operating conditions is presented in the form of pressure and temperature ratio profiles in the stilling chamber and at the exit of the Mach 4. 0 nozzle. As previously mentioned, efforts to prevent the heater pressure and temperature from varying during a test run were not successful. Heater temperature and pressure varied as much as ±70°R and ±10 psi, respectively; however, the secondary flow conditions remained essentially constant. For all test runs the secondary flow temperature was approximately 470°R, and the secondary manifold pressure was approximately equal to the pressure in the mixer stilling chamber.
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The temperature and pressure profiles for each configuration are presented in the form of the ratio of the traversing probe temperature to heater exit probe temperature (T 0 /T 0 "), and the ratio of the traversing probe pitot pressure to heater exit pitot pressure (P 0 /P 0 TJ). These data were recorded simultaneously and presented in this manner to eliminate the effects of heater instability. The data in Fig. 8 show good mixing characteristics near the design secondary to primary mass flow ratio, m s /mp, of 2. 57 to 1, even though the profiles were obtained at different levels of primary mass flow -1.0 and 1.4 lb/sec. Additional temperature profiles recorded at off-design mass flow ratios down to 0. 86 are presented. As the mass flow ratio, m s /mp, is decreased, a slight core begins to develop in the chamber. Hence, it may be assumed that the performance of the mixer depends on the mass flow ratio and not on the level of primary mass flow, which ranged from 0. 99 to 1. 5 lb/sec. The nonuniformity in the temperature profiles at the off-design mass flow ratios are shown later to diminish through the Mach 4. 0 nozzle.
Velocities in the stilling chamber were calculated for each of the test runs presented in Fig. 8 
Pressure and temperature profiles recorded at the exit of the Mach 4. 0 nozzle for configuration A are presented in Figs. 9 and 10, respectively. These data were obtained simultaneously using a manually operated dual probe. Data were recorded at the design mass flow ratio, mg/ifip, of 2. 57 and at off-design ratios down to 1. 31. The transverse pressure profiles in Figs. 9a and b show a variation of ±1. 25 percent for the design ratio and ±2. 6 percent for the off-design ratios. Temperature profiles, Figs. 10a and b, show a variation of ±0. 89 to ±1.1 percent for the design mass flow ratio and of ±0.4 to ±2. 65 percent for off-design ratios. These variations are calculated using only the flat portion of the profile excluding the boundary layer near the nozzle wall. The estimated boundary-layer thickness at the nozzle exit is 1. 0 to 1.25 in. There were no adverse control effects of primary and secondary air systems encountered during these tests.
CONFIGURATION B
Configuration B (45-deg secondary injection, L/D = 2. 3) results a-re presented in Figs. 13, 14, and 15. Mixing chamber pressure profiles are presented in Fig. 13 . Comparison of these results with those obtained with configuration A (Fig. 7) shows that a slight pressure core developed in the chamber for all mass flow ratios investigated. Since the intersection of the injected flow centerlines with the chamber centerline for configuration B was 0. 60 in. closer to the choked nozzle throat, the shock pattern of the primary flow may not have broken down sufficiently to permit required penetration. Also, the analysis of the system presented in the Appendix shows that the depth of penetration is related to the secondary to primary momentum ratio; hence, a larger momentum ratio may have been required for centerline penetration since the penetration distance to the mixer centerline is longer for configuration B than for configuration A.
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An unstable mixing process was experienced during tests with configuration B. Continuous manipulation of the supply pressure of both the primary and secondary flows was required to keep the total mass flow constant. This also could have been caused by the fact that the injected flow centerline intersection for configuration B was closer to the choked nozzle throat than for configuration A. Hence, the instabilities of the shock system would be more strongly felt. Stilling chamber temperature profiles were not obtained for configuration B; however, both pressure and temperature profiles were recorded at the Mach 4. 0 nozzle exit and are presented in Figs. 14 and 15, respectively.
Comparison of pressure profiles of configuration B with those of configuration A (Fig. 9) shows a more unsymmetrical profile with slight increases and decreases across the expected flat portion. Variation of ±2. 41 to ±5. 3 percent resulted through the range of mass flow ratios investigated (1. 33 to 2. 62). Variation of temperature profiles ranged from ±0. 54 percent at the design mass flow ratio of 2. 57 to ±3.8 percent for off-design ratios.
SECTION V CONCLUSIONS
The experimental investigation of a mixing chamber employing upstream injection in conjunction with a Mach 4. 0 nozzle leads to the following conclusions:
1. A relatively short mixer, L/D = 2.3, employing the upstream injection concept can be designed to produce pressure and temperature profiles at the nozzle exit of not more than a ±5-percent, variation. T -
assuming Cp = constant.
The throat area ratio of the choked nozzle section to the Mach 4. 0 expansion nozzle is 0. 093. Using assumed values of 0. 28 and 0. 397 for the mass flow and temperature ratios, respectively, yields a stagnation pressure ratio of 4. 78. To insure that velocities in the stilling chamber were suitably low to support mixing (50 to 75 ft/sec), a stilling chamber to expansion nozzle throat area ratio of approximately twenty was chosen. An expansion angle of 30 deg in the mixing chamber was found to suit the geometric layout of the mixer since a stilling chamber length of about 6 in. was desired and an overall mixer length of about 2. 5 times the stilling chamber diameter was a test objective.
Upstream injection angles of 45 and 60 deg with respect to mixer centerline were chosen, and the centerline of the secondary stream was made to intersect the centerline of the primary stream at approximately seven and eight throat diameters downstream from the choked nozzle minimum area. The static pressure in the chamber at the injection ports was determined by the equation Since transverse injection was not used and because the design secondary to primary mass flow ratios in this experiment were much larger than those of Ref. 4 , this factor was used only as an indication of the amount of penetration. Reference 4 indicated that for half-depth penetration or better, the penetration factor should be a minimum of 0. 30. Considering this factor, the bypass holes were chosen to be 0. 75 in. in diameter.
Information in Refs. 5 and 6 indicates that the normal shock analogy which was used for analysis of the mixer may not apply in the analysis of the choked nozzle. Instead, it is suggested that an oblique shock system exists in the choked nozzle as a result of a shock-induced boundarylayer separation. 
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ABSTRACT
A mixing chamber employing upstream injection of the secondary airflow was designed and tested in conjunction with a Mach 4.0 nozzle. Mixing chamber configurations with total length to maximum diameter ratios of 1.7 and 2.3 were investigated. The mixer was designed for a secondary to primary mass flow ratio of 2.57 and a primary to stilling chamber pressure ratio of 4.78. A uniform temperature profile with not more than 5 percent variation at the exit of the Mach 4.0 nozzle was required. The mixing chamber was experimentally investigated at secondary to primary mass flow ratios of 0.86 to 2. 
